This paper concerns an approach to model the ledger-stand joints of modular scaffolds. Based on the analysis of the working range of the ledger (represented by a linear relationship between load and displacement), two models of the ledger-stand joint are analysed: first -with flexibility joints and second -with rigid joints and with a transition part of lower stiffness. Parameters are selected based on displacement measurements and numerical analyses of joints, then they are verified. On the basis of performed research, it can be stated that both methods of joint modelling recommended in this paper, can be applied in engineering practices.
INTRODUCTION
One type of scaffolding is the modular scaffold. Scaffolds of this type are assembled from single elements, such as base jacks, ledgers, stands, bracings, and platforms. Additionally, scaffoldings are designed in a way that allows the model to create spatial structures of any shape. It enables 1 Prof., PhD., Eng. Lublin University of Technology, Faculty of Civil Engineering and Architecture, Nadbystrzycka 40 str., 20-618 Lublin, Poland, e-mail: e.blazik@pollub.pl 2 M.Sc., Lublin University of Technology, Faculty of Civil Engineering and Architecture, Nadbystrzycka 40 str., 20-618 Lublin, Poland, e-mail: m.pienko@pollub.pl 3 M.Sc., Lublin University of Technology, Faculty of Civil Engineering and Architecture, Nadbystrzycka 40 str., 20-618 Lublin, Poland, e-mail: a.robak@pollub.pl 4 Student, Jagiellonian University in Kraków, Faculty of Mathematics and Computer Science, S. Łosiewicza 6 str., 30-348 Kraków, Poland, e-mail: ada.borowa@gmail.com 5 M.Sc., Lublin University of Technology, Faculty of Civil Engineering and Architecture, Nadbystrzycka 40 str., Lublin, Poland, e-mail: p.jaminska@pollub.pl constructing scaffolds around facilities of complicated shapes, e.g. historical monuments [13, 16] The analysis of joint flexibility, made of various materials and used in different types of constructions, is currently the subject of many written works. The reviews of models, which describe behaviours of steel frame joints, are included in such papers as [3, 10] . Paper [5] is devoted to computer analysis of steel-concrete joint flexibility. Numerical models considering the complicated geometry of joints, nonlinear material characteristics, as well as such nonlinear phenomena as contact and friction between connected components, are presented in this paper.
Laboratory tests, apart from numerical analysis of steel joints, are demonstrated in work [8] . A similar scope of research for a steel-concrete joint is shown in work [6] and its results have provided the basis for preparation of practical remarks on shaping and designing composite joints.
Papers [9, 17] present different stiffness matrices of beam elements, taking into account the flexibility of connections to a joint, and, subsequently, model verification is demonstrated via the example of single-and multi-storey frames. The problem of joint flexibility in scaffolds is particularly important. Papers [1, 7, 11, 15] are solely or partially devoted to this issue. Articles [12] and [18] show laboratory tests on the flexibility of various scaffold joints. In paper [11] it is demonstrated that the consideration of flexibility in the case of scaffolds influences the calculation time and the obtained results. Paper [1] is an overview study presenting the information on both issues: flexibility research as well as the use of its results in static-strength analyses on scaffolds.
Nevertheless, the rest of papers [7] and [15] refers to research on joint flexibility and static-strength analysis of the complete scaffold, considering the results of laboratory tests.
This paper demonstrates the analysis of laboratory measurements of displacements in the middle of aluminium ledgers caused by a concentrated force and a uniformly distributed load. On the basis of this research, the linear-elastic nature of working range of ledger determined. Subsequently, for this scope of work, the model of a stand-ledger joint is analysed. The obtained results are verified on the basis of measurements of o-ledgers displacements caused by a distributed load and double o-ledgers loaded with a concentrated force. This work stands out from previously mentioned ones since joint flexibility is determined on the basis of tests made on the whole ledger, in contrast to the research made only on the joint itself, as has been presented so far.
LABORATORY RESEARCH

DESCRIPTION OF PROCEDURES AND A TEST STAND
The research objects were ledgers of the ALUROTAX system with a cross-section I48.3mm×4mm, (Fig. 1, Fig. 2a ) and double o-ledgers (Fig. 2b) were mounted to steel base jacks placed on a threaded steel pivot 38mm in diameter. Due to this fact, the stiffness of the vertical elements was considerably greater than the stiffness of the tested element. The pivots welded to the steel angles were screwed into the test
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machine base. One of the pivots was screwed with a moment that guarantees obtaining pinned support, whereas the other one can slide within the base rails (Fig. 2c) . A load in the form of a concentrated force was implemented by a steel rope placed in the middle of the o-ledger. The action increment of the load was controlled by displacement and was equal to 5 mm/min. Since the steel rope was subjected to considerable extension during research, the displacement of crosshead recorded by the test machine was not reliable, thus an additional LVTD displacement gauge was applied. In the case of tests under a distributed load, a system of blocks and steel ropes was applied to distribute loads evenly over the length of the ledgers. As shown in the case of research performed for the concentrated force, the additional LVTD displacement gauge was also used for the distributed load. For both types of load, the relationship between force on the test press crosshead and ledger displacement in its mid-span was measured. Sample results of measurements are shown in Fig. 3 . 
ANALYSIS OF MEASUREMENT RESULTS
The analysis of joint flexibility is proceeded by determination of the displacement range, for which it can be assumed that the system works linearly, and ledger behaviour can be described similarly, meaning that the linear equation has to be determined to approximate the results of measurements in this area. In relation to this, after visual analysis of the results, the approximation of measurements is conducted by two functions: a linear function and a polynomial one. A linear range is selected on the basis of local maxima of function g3(u) or chosen manually after graph analysis of function g3(u), e.g. for an o-ledger of 1.088m in length (Fig. 3c ). Function g3(u) is described by the formula: Calculations of this value are performed according to the procedure for joints given in standard EN 12811-3 [4] . The following formulae are used for:
where:
ki=tan(D) -stiffness value of i-th element and simultaneously a directional coefficient of a straight-line, approximating the first part of measurement results,
Finally, the superelement stiffness is determined from the formula:
where: P=1.0 at vkd0.10, P=0.9 at 0.10<vkd0.20, P=0.8 at 0.20<vkd0.30, P=0.7 at 0.30<vkd0.40, and at 0.40<vk the tests should be repeated.
The results of calculations are compiled in Table 2 and Table 3 . Column 2 shows the values of superelement stiffness and column 3 demonstrates coefficients vk. In these tables, in the 4 th column, there are also the coordinates of a point between a linear function and the polynomial. The abscissa of this point is defined as the lowest value among all ui values, ending the parts of graphs approximated by a linear relationship. The last columns of Table 2 and Table 3 contain the maximum specified permissible loads for ledgers, obtained from the procedure described in standard [4] and paper [2] . 
J and calculation of the specified permissible value of the tested parameter (F or q)
where: e q -average value of the ratio of the plastic and elastic energy [2] , JM =1.1, JF =1.5 -partial safety factors. 
NUMERICAL MODELS OF LEDGERS
SELECTION OF THE LEDGER-STAND JOINT MODEL
The Joint flexibility is modelled via two approaches: a typical modelling of flexible support (Fig. 4a) and an insertion of a transition fragment of l=5 cm (Fig. 4b) . Joint stiffness KM1 in scheme No. 1 (Fig. 4a) is determined on the basis of displacements obtained from the formula: The moments of inertia are calculated for every stiffness value based on the formula:
The results of these calculations are summarized in Fig. 5 . Subsequently, on the basis of these results, the functions are determined for each ledger, describing the relationship between joint stiffness and displacement, in the following formula:
where: u -displacement in mm, a, b and d -curve coefficients. The parameters of these functions are compiled in Table 4 . Using them and the displacements obtained at a concentrated force equal to 1.0kN, the stiffness of connection KM1 is calculated. The value of force is determined as the inverse value of element stiffness Ke from Table 2 . The values of joints stiffness, obtained for both schemes, are listed in Table 4 . The last row of Table 4 
THE VERIFICATION OF LEDGER-STAND JOINT SELECTION
The verification of parameters Utilizing the procedure presented in the previous point it should be considered that ki parameters of connections cannot be determined based on fragments of measurement results representing the relationship between the load and displacement which are too short. This can occur when the first points of the measurements line up along a straight-line, and the next ones deviate slightly due to various disturbances of measurements. It is sufficient for function g3(u) to assume greater values for the first several measurements than for the greater group of measured points, constituting a more widely represented group. An example can be seen in Fig. 3 ; the first maximum in the graph is below 2mm, and the following ones which can be considered correct, are those above 7mm. These second maxima are the basis for determining ul for an o-ledger measuring 1.088m. This approach is also justified by values ul, obtained for ledgers of similar values for which there are no interpretative problems due to the occurrence of two maxima in the graph g3(u). As seen in Table 2 , due to such an approach, an increase in the value of displacement along with an increase of ledger length can be obtained.
CONCLUSIONS
This paper demonstrates two ways of modelling a stand-ledger joint as well as appropriate parameters of these models. The ledger-stand connection is a system of complicated geometry, thus the system components cannot be directly modelled. However, on the basis of the performed research, it is stated that both methods of joint modelling proposed in the article can be used and that selected parameters can be applied in engineering practices.
Furthermore, a linear-elastic model can be applied to model the ledger composite material. Load values ending the application ranges of these models are greater than the specified permissible load of the element, in the case of o-ledgers. This means that these values cannot be exceeded, which results in limited possibilities of function beyond a linear-elastic range of element work.
Nevertheless, in the case of double ledgers, the force -defining load-bearing capacity -is greater than the force ending the linear range of the work. For this reason, in future research, the influence of this second value needs to be taken into consideration, as it may very well have an impact on load-bearing capacity. Oznacza to, że nie wolno dopuścić do przekroczenia tych wartości, a więc także nie dojdzie do wyjścia poza liniowosprężysty zakres pracy elementu. Natomiast w przypadku rygli podwójnych siła, określająca nośność, jest większa niż siła kończąca zakres liniowy pracy, dlatego tutaj w przyszłości należałoby się zastanowić czy o nośności nie powinna decydować właśnie ta druga wartość.
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